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Abstract- The AC losses of the Inner Vertical (IV) coil have 
been measured during the Experiments on a Single Inner 
Vertical coil (EXSIV). The IV coils are the smallest poloidal 
coils of the Large Helical Device (LHD) and their inner and 
outer diameters are 3.2 m and 4.2 m, respectively. The coil 
consists of 16 pancake coils wound with the cable-in-conduit 
conductors (CICC) whose strands are NbTilCu without any 
surface coating. The AC losses were measured with a 
calorimetric method during excitation tests and current shut-off 
tests. In addition to the usual inter-strand coupling losses with 
short time constants, unexpected coupling losses were observed 
due to the coupling current of a long time constant. 
I. INTRODUCTION 
The superconducting coils for the Large Helical Device 
(LHD) consist of two helical coils and three pairs of 
poloidal coils. Three pairs of poloidal coils are named the 
inner vertical (IV), the inner shaping (IS) and the outer 
vertical (OV) coils. Before installing the IV coil to the LHD 
cryostat, we have conducted single coil tests of the IV coil 
to investigate the characteristics of the large scale CICC 
coils. In the second experiment on December 1995, the coil 
was successfully energized to the nominal current of 20.8 
kA without a quench [ 1,2]. 
The basic configuration of the conductors for the IV, IS 
and OV coils are almost identical. The surface of strands is 
a bare copper without any coating. Therefore the increase of 
the inter-strand coupling losses was expected under the 
large electromagnetic force. The coupling losses of short 
samples of the IV and IS conductors have been measured 
under transverse external fields and the transport current [3]. 
In this paper, the AC losses of the large scale coil were 
measured and are compared with the short sample data. 
11. EXPERIMENTAL SET w 
A. Configuration of the IV Coils 
The main parameters of the IV coil are listed in Table 1. 
The coil consists of 8 double-pancake coils. Each double- 
pancake coil was connected at the outermost conductor. The 
conductor length of each pancake-coil is 340m. 
Supercritical helium flows from the innermost conductor to 
the outermost conductor of the pancake. The specification 
of cable-in-conduit conductors for the IV and the IS coils 
are listed in Table 2. Both conductors are almost identical. 
The conductors are designed to have a large stability margin. 
The surface of the NbTi/Cu strands is bare copper without 
any coating to enhance current sharing among strands to 
improve their stability. 
Manuscript received A u w t  27, 1996. 
B. Method of Measuring the AC Losses 
The IV coil was installed in a single coil testing cryostat 
and was connected to the test facilities at the cryogenic and 
superconductivity laboratories in NIFS. Figure 1 shows the 
flow diagram and measuring points of the IV coil. Thermo- 
physical properties of SHe were estimated by measuring its 
temperatures and pressures at the inlet and outlet of the coil. 
There are nine carbon-glass resister (CGR) thermometers 
(T2 - T10) at the outlet of the coil. 
TABLE 1 
PARAMETERS OF THE IV COIL 
cooling type 
Coil inner/outer radii 
Coil height x width 
Number of turns 
Coil weight 16 ton 
Operating Current 20.8 kA 
Maximum field 5.2 T 
Magnetic stored energy 68 MJ 
Total mass flow rate 
Cooling paths 170 m 
Inlet temperature 4.5 K 
Pressure drop 0.1 MPa 
Forced flow of supercritical helium 
1.6 ml2.1 m 
0.47 m x 0.39 m 
15 turns x 16 layers = 240 turns 
80 gJs 
TABLE 2 
PARAMETERS OF THE IV AND IS CONDUCTORS 
Conductor name IV IS 
Strand 
surface treatment bare bare 
diameter (mm) 0.767 0.760 
Cu/NbTi ratio 2.6611 3.5211 
number of filaments 690 864 
twist pitch (mm) 9.3 8 
critical current at 4.5 K (A) 118 (at 6.5 T) 133 (at 5.4 T) 
twist pitch (mm) 3 strands 60 60 
-33 150 150 
fiiament diameter (pm) 15 12 
Conductor 
-3= 100 100 
-34 220 220 
-34x6 400 400 
size (mm) 23.0 x 27.6 22.9 x 27.1 
conduit thickness (mm) 3.0 3.0 
critical current (at 4.5 K) (kA) 62.4 (at 6.5T) 64.8 (at 5.4T) 
void fraction 38 38 
number of strands 486 486 
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We eliminated four sensors (T2, T3, T9 T10) and averaged 
five sensors (T4 - T8) to measure the coil outlet temperature. 
The T2 and T10 were attached at the electrical feeders of 
the coil and detected the heat generation at the feeder joints 
with copper bars. The T3 and T9 were also sensitive for the 
heat in-leak from the PC sleeve. 
The five voltage taps (VI - V5) were used to measure the 
coil voltages of each 1/4 block (two double-pancake coils) 
of the coils. Each block of the voltage taps (for example V1 
- V2) was connected in series with the canceling circuit of 
pick-up coils to compensate the inductive voltage. These 
electrical measurements of the AC losses were done during 
the preliminary measurements by transferring small 
sinusoidal wave currents to the coil. 
X Thermometer i!0 Orlflce 
SHe Inlet 
1 
. .  II 
Fig. 1. Flow diagram and measuring points of the IV coil. 
C. Excitation Patterns 
We conducted excitation tests with various excitation 
patterns. Table 3 shows the list of AC loss measurements. 
The power supply was unexpectedly shut off at excitations 
#2401 and #3301 due to the malfunction of test facilities 
which was caused by the stray magnetic field of the coil. 
The excitation #2302, #3701 and #3801 were the current 
shutting off tests from the currents of 5 kA, 10 kA and 20.8 
kA, respectively. The excitation #3302 was the first hold 
test of the nominal current of 20.8 kA. Other excitations 
were the fast ramp up and ramp down tests with a ramp rate 
of 60 AIS as a trapezoidal form. 
111. EXPERIMENTAL RESULTS 
A. Calorimetric Measurements of the AC Losses 
Figure 2 shows the procedure of the calorimetric 
measurements. Figure Za, b, c, d show the measured coil 
current, the inlet and outlet pressures and temperature of 
supercritical helium and mass flow rates of the supercritical 
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TAIBLE 3 
EXCITATION PAITERN 
Excitation Item of Exp. Charge Flat top Discharge 
No. speed current& speed 
2302 5kA shut off ;!OA/s 5 kA, 60s Exp. 
2401 8.1 kA 1:OAIs 5 kA, 600s Exp. 
period 
~=17.9 s 
emergency 8.1 kA, 0 s ~=17.9 s 
shut off 
emergency 10 kA, 300 s ~=15.7 s 
3301 20.8kA 2 O N s  5kA,300!i Exp. 
shut off 12.5 kA, 300 8 
15 kA, 300 s 
17.5 kA, 300 ii 
20.8 kA, 0 si 
3302 20.8kA hold 20 A / s  20.8 kA, 600 s -60 AIS 
3401 10 kA fast ramp 60 A/s 10 kA, 60 si -60 A/s 
3501 15 kA fast ramp 60 A/s 15 kA, 60s) -60 AIS 
3601 20.8 kA f a t  6ONs 20.8 kA,60s -6ONS 
ramp 
3701 10 kA shut off 60 A/s 10 kA, 120 s Exp. 
3801 20.8 kA shut off 60 A/s 20.8 kA, 120 s Exp. 
~=17.9 s 
~=15.7 s 
3901 20.8 kA hold 610 AIS 20.8 kA, 300 S -60 A / S  
Fig. 2 
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helium, respectively. Using above data, the enthalpies of the 
inlet and outlet supercritical helium were calculated. The 
total heat inputs to the coil were calculated from the 
enthalpy difference between the coil inlet and outlet by 
multiplying the flow rate. The AC losses were estimated by 
subtracting the steady-state heat in-leak to the coils (39 W) 
from the above total heat inputs as shown in Fig. 2e. Figure 
2f shows the time integration of heat generation. The total 
AC losses for each excitation pattern was obtained as the 
change of integrated AC losses before and after the 
excitation. 
The measured total AC losses for each excitation pattern 
are listed in Table 4. The hysteresis losses are calculated 
considering the magnetic field distribution in the coil. The 
results are listed in Table 4 and the coupling losses can be 
separated from the total AC losses (hysteresis loss + 
coupling loss). 
TABLE 4 
MEASURED A c  LOSSES FOR EACH EXCITATION PAlTERN 
Excitation Item of Exp. Total AC Hysteresis Coupling 
No. loss (kJ) loss (U) loss-(kJ) 
2302 5kA shut off 7.7 5.5 2.2 
2401 8.1 kA 15.0 7.8 1.2 
emergency 
shut off 
emergency 
shut off 
3301 20.8kA 62.2 14.0 48.2 
3302 20.8kA hold 25.0 14.0 11.0 
3401 10 kA fast ramp 14.3 9.0 5.3 
3501 15 kA fast ramp 23.6 12.0 11.6 
3601 20.8 kA fast 31.1 14.0 17.1 
3701 10 kA shut off 23.7 9.0 14.7 
3801 20.8 kA shut off 59.2 14.0 45.2 
3901 20.8 kA hold 33.5 14.0 19.5 
ramp 
B. Assumption of the Coupling Time Constant 
The data of the coupling losses listed in Table 4 are 
corresponding to the different flat top current and excitation 
pattern, which could not be compared directly. Therefore 
we assumed the coupling time constant as an parameter to 
investigate and compare the measured coupling losses. 
The coupling loss per unit volume per cycle is explained 
generally as follows [4,5]. 
we = A * ~ ~ H , ' Q *  (1) 
where H, is the peak value of the external magnetic field 
and A* is a factor which is defined by the configuration of 
the conductor such as a cross-sectional shape and a cable 
twist pitch. For a round multi-filamentary wire, 
Q* is a coefficient which is defined by the changing pattern 
of the magnetic field and the coupling time constant z, . 
@For a single trapezoidal shape 
Q * =  5 { 2 - t ~  [ 1-exp ( -- :I][ exp ( ---- ; :l-exp(-$l-2]}(2) 
where g = z , / t ,  , 5 = z,/t,  , t, is ramp up and ramp down 
time periods and t2 is a flat top time period. 
@For an exponential decay shape 
* A  Q =- 
2(1+ A )  (3) 
where A = z,/t, , t, is a decay time constant. 
t, >> z, , t, = 0, t ,  >> z, 
@Above equations can be simplified, when 
(4) 22, Q" = 25 = -
tl 
for a single trapezoidal shape 
for an exponential decay shape Q' = A/2 =A . ( 5 )  
2 t, 
Simplified equations for the experimental data 
As a result of above explanation, the experimental 
coupling losses could be expressed using an assumed 
coupling time constant z, which must be much smaller 
than a ramp time period and an exponential decay time 
constant. 
1) For a ramp up and ramp down test, 
where t, is ramp up time period and t, is a ramp down 
time period. 
2) For a ramp up and a shutting-off test, 
(7) 
where tl is ramp up time period and t, is an 
exponential decay time constant. 
C. Current Dependencies of Assumed Coupling time 
constants 
The coupling losses of the IV coil were evaluated with the 
magnetic field distribution in the coil. The coil cross section 
was divided to 10 parts in radial direction and 20 parts in 
axial direction and was separated to 200 blocks. The 
coupling loss of the coil W,,,, is expressed as 
200 
W m  = C V Y S H ,  1 (8) 
,=l 
where V, is a volume of the strands included in each block 
(excepting void, conduit, insulator and so on), H ,  is a 
central magnetic field of each block and W,(H,) is a 
coupling loss per unit volume per cycle with a changing 
magnetic field H ,  . 
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coefficient with a different excitation shape, Q' for a current 
shut off is multiplied by 4 because Qr* = 4Q,' as z, << r1 , le 
from (4) and (5). In Fig. ~4, the dotted line shows the 
coupling loss with a time constant of 150 ms; Q' = 22, / T , 
where Tis t, or t ,  and z, =150 ms. The chained line shows 
the coupling loss with a time constant of 124 s; 
Q'calculated by (2) with t ,  = T ,  t ,  = 0, z, = 124 s . The 
measured data corresponded to sum of these two coupling 
losses with time constants of 150 ms and 124 s. 
The assumed coupling time constant for the ramp 
up/down tests seems to have a current dependence in Fig. 3. 
However it is actually explained as an enhancedl coupling 
loss since the loss curve has an additional peak at the very 
long time constant of 124 s. 
Q'=Zz/T, 1;=150 ms 
Using the coil current I,, we can write Wcorl as 
wco,, = F Q ' I , ~  (9) 
where F = 2 j 4 , ~ ~  [: - )' and for the IV coil; F = 0.0226. 
In (9), Q* is a coefficient defined by (6) or (7) depending 
on the excitation pattern. Assumed coupling time constants 
are shown in Fig. 3 as a function of the maximum coil 
current. 
In Fig. 3 ,  the data were categorized into two groups 
according to the excitation pattern; a current shut off test 
and a simple ramp up and down test. The coupling time 
constant for a simple ramp up and down tests seems to have 
a current dependence and becomes more than 300 ms at 
20.8 kA, while the coupling time constant during the current 
shut off test is approximately constant about 150 ms which 
is independent of the coil current. 
Above estimation was done assuming the coupling time 
constant 2, could be defined as an unique value which is 
much shorter than a ramp time period and a current decay 
time constant. However the disagreement of the coupling 
time constant between the current shut off test and the 
simple ramp up/down test shows that such assumption was 
not correct. The precise treatment considering frequency 
dependence of the coupling loss is necessary for the CICC 
coils which has a multi coupling time constants 
corresponding to multi-peaks of the coupling loss as a 
function of the frequency of an external field. 
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Fig. 3. Assumed coupling time constants as a function of 
the maximum coil current. 
D. Frequency Dependence of the Coil Coupling Loss 
We separated the coupling loss coefficient; Q,' for a ramp 
up/down and Qe* for a current shut off from the data for 
each excitation pattern. Fig. 4 shows Q' of the IV coil 
plotted as a function of the inverse of the ramp time period 
t,or the decay time constant t , .  To compare the loss 
v) 
v) 
0 A 
0.01 
0.00 1 
0.0001 
0.00 1 0.01 0.1 
1./T (s-') 
Fig. 4. Q* of the IV coil plotte'd as a function of the inverse 
of the ramp time period or the decay time constant 
E. Comparison of AC Losses between the Short Sample and 
the Coil 
The measured AC losses are compared with those of the 
short sample; measured under the varying sinusoidal 
external magnetic fields with and without a transport current. 
Figure 5 shows the dependence of the frequency 
characteristics of the coupling loss for the IV and IS short 
samples with and without a transport current. The short 
sample data for the IS conductor were mainly compared 
with the IV coil data because ithe short sample data with a 
transport current were measured only for the IS conductor. 
From the IS short sample data, there are two peaks at the 
frequency of 19.4 Hz (2, = 8.2 ins) and 1.0 Hz (z, =150 ms) 
which may correspond to the coupling time constant for the 
twist pitches of a triplet and a final-stage of the multi-cable. 
There is no serious change of the coupling loss both in the 
amplitude and in the peak frequency corresponding to the 
transport current and the electromagnetic force up to 20 kA 
under background field of 1 T. 
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Fig. 5 Dependence of the frequency characteristics of the 
coupling loss for the IV and IS short samples with 
and without a transport current 
The electrically measured AC losses for the IV coil are 
also plotted in Fig. 5. The electrical measurements of the 
AC losses were done during the preliminary measurements 
by transferring small sinusoidal wave currents to the coil. 
The AC loss characteristics of the coil are almost the same 
as those of the IS short sample in high frequency region. 
The electrically measured peak frequency is 12.2 Hz 
(z, =13 ms). We could not measure lower peaks because 
of a limit of S/N ratio for the measurements. 
From the comparison of AC losses between the short 
sample and the coil, the inter-strand coupling time constants 
of this conductor are about 10 ms for a triplet and 150 ms 
for a final-stage of the cable and these coupling time 
constants do not change with the transport current and the 
electromagnetic force. 
IV. DISCUSSION 
According to the frequency dependence data as shown in 
Fig. 4, the coupling losses of the IV coil are thought to be 
enhanced since the conductor has another peak at the low 
frequency regime. We compared the relation between the 
peaks of the coupling time constant and the characteristic 
length. From the IS short sample data, z2=150 ms is 
corresponding to the twist pitch of the final cabling 
( 4 =400 mm). The characteristic length L corresponding to 
the long coupling time constant of the coil (z =124 s) 
becomes 11.5 m assuming a simple relation of 
( L  / 4)  DC . This long characteristic length does not 
correspond to any twisting lengths of the CICC and cannot 
be explained from the ideal twisting configuration. 
It is known that the asymmetric strand transposition of 
the CICC may cause current imbalance in the conductor [6]. 
This means that the loop currents due to the non-uniform 
current distribution are induced in the conductor. The 
coupling time constant of these loop currents becomes very 
long because of a long conductor length. The long coupling 
time constant of the coil might be explained by the loop 
currents within the conductor because of the non-uniform 
current distribution. 
V. SUMMARY 
AC loss measurements for the IV coil were conducted 
under various excitation tests as well as current shut off 
tests. Estimated coupling time constant for the ramp up and 
down tests seems to have a current dependence and 
becomes more than 300 ms at 20.8 kA, while the coupling 
time constant during the current shut off test is 
approximately constant about 150 ms which is independent 
of the coil current. From the comparison of AC losses 
between the short sample and the coil, the coupling time 
constants do not change with the transport current and the 
electromagnetic force. 
According to the frequency dependence data, the 
coupling losses for the ramp up/down tests are thought to be 
enhanced due to the coupling current with a very long time 
constant of 124 s. The coupling current with a long time 
constant is assumed to be caused by the non-uniform 
current distribution in CICC. 
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